Abstract A methodology to analyse the influence of erosion on beach functions at a regional scale is presented. The method considers erosion hazards at different timescales and assesses consequences by evaluating impacts on recreation and protection functions. To provide useful information to decision makers for managing these functions, hazard and consequences are integrated at the municipal level within a risk matrix. This methodology is applied at the Maresme, a 45-km sandy coast situated northward of Barcelona, which supports a strong urban and infrastructure development as well as an intensive beach recreational use. Obtained results indicate differentiated erosion implications along the region, depending on the management target considered. Thus, southern municipalities are more prone to erosion affecting the protection function of the beach and leisure use by the local population, whereas erosion will have a greater effect on foreign tourism in the northern municipalities. These results highlight the necessity to employ an articulated erosion risk assessment focusing on specific targets depending on the site in question. This methodology can help coastal managers to adopt tailored measures to manage erosion impacts towards specific goals, in a more efficient and sustainable manner.
Introduction
Coastal zones are among the most productive yet highly threatened systems in the world (EEA 2006) . Here, populations tend to be concentrated, as these zones are the most favourable for developing human activities, consequently increasing the potential effects of damage by natural and human-induced hazards. Given the combined effects of further human incursion on the coast and climate change impacts, coastal erosion and flooding are problems of increasing intensity (Marchand 2010) . Hence, coastal erosion has become an important environmental concern. In the past decades, it has caused significant economic losses, ecological damage, and social problems (Roca et al. 2008a; Marchand 2010; Jiménez et al. 2012) . Moreover, climate change and continuing urban sprawl will likely cause this tendency to grow (IPCC 2015) . In Europe, it has been estimated that about 20,000 km of coastline (corresponding to 20%) faces serious impacts of coastal erosion (EC 2005) . As a result, over the last decade, the cost of coastal adaptation against flooding and erosion has been an average of 0.88 billion Euros per year (EC 2009 ). In the Catalan coast (NW Mediterranean), about 72% of beaches are subject to erosion, at an average retreat rate of about 1.0 m/year, with more than 50% of the coastal municipalities having reported damages in existing beach infrastructure (CIIRC 2010) . However, beach erosion not only poses a risk to existing assets, but also causes a significant setback to recreation and tourism and, consequently, threatens one of the most important sources of the economy in coastal regions (Phillips and Jones 2006; Houston 2013) .
Due to this fact, the need for including coastal hazard management within general management policies in the coastal zone is clear. Within this context, the Protocol on Integrated Coastal Zone Management in the Mediterranean (PAP/RAC 2008) explicitly includes a chapter on natural hazards where the signed parties (countries) are mentored in ''preventing and mitigating the negative impact of coastal erosion more effectively, and should undertake to adopt the necessary measures to maintain or restore the natural capacity of the coast to adapt to changes, including those caused by the rise in sea levels. '' Although an important amount of data on coastal erosion is currently available, there is still a gap between this information and its use by coastal managers in order to put this knowledge into practice (EC 2005) . This shortfall results in major shortcomings of coastal managers, which in turn often results in deficient or uninformed decisions. Moreover, understanding coastal erosion involves an insight into all the factors that interact along the coast and an awareness of different timescales (Marchand 2010) . In this context, erosion is a process that operates at a wide variety of temporal scales. Due to this fact, in order to tackle erosion, a holistic approach of processes at multiple scales is required (Fekete et al. 2009 ). This approach should include practical measures and principles that are also important for coastal erosion management, such as local specificity and a long-term perspective (EC 2005) .
Here, we propose a methodology, framed within the Source-Pathway-Receptor-Consequence model (SPRC) that will enable the identification of the main factors inducing coastal erosion at different timescales and their associated impacts to the main beach functions in the Mediterranean coast: protection and recreation . Protection is defined as the natural function provided by the beach in safeguarding the hinterland (infrastructure and/or socio-economic receptors) from direct wave action, whereas recreation makes reference to the space provided by the beach for leisure purposes. The methodology also includes an assessment of the resulting consequences, by taking into account socio-economic indicators that determine the relative importance of each function. This information is integrated at the most adequate spatial and temporal management scale and is combined within a risk matrix that will permit coastal managers to make decisions for specific management targets.
Within this context, the main aim of this paper is to present a methodology to analyse erosion consequences at a regional scale, considering the implications of processes acting at different timescales affecting coastal functions. This is applied in the Maresme coast (NW Mediterranean, Spain, Fig. 1 ). This area has been selected because it can be considered a good example of a typical sensitive Mediterranean coastal stretch subjected to significant erosion, and where potential consequences are also significant due to the intense recreational use of existing beaches and the presence of infrastructure very close to the shoreline. Thus, it illustrates the versatility of the methodology given the spatial variability in the magnitude of the hazards and potential consequences. This area has been previously used to illustrate the increase of urban sprawl and infrastructure development in lowland landscapes in the Mediterranean region (Parcerisas et al. 2012) .
The structure of the remainder of this paper is as follows: Sect. 2 describes the study case (the Maresme coast) and the data used, Sect. 3 presents the methodology with different subsections where the general framework and the indicators and concepts used in this study are presented, Sect. 4 gives results obtained for the different erosion hazard Fig. 1 Area of study (numbers along the coast are numerical codes for each municipality. Tourist index is an indicator of the economic importance of tourism for each municipality-see text for details. % of built-up land is the percentage of urbanised land in the coastal zone for each municipality-see text for details) components, which are presented individually and integrally within the risk matrix. In the final two Sects. 5 and 6, the discussion and the conclusions of this work are presented, respectively.
2 Study area and data
Study area
The case study site is the Maresme, a coastal region situated 40 km northwards of the city of Barcelona (Fig. 1) . Within the Catalan coast, where a variety of coastal environments can be found (Brenner et al. 2010) , the Maresme represents a sedimentary coast comprised of straight, coarse, sandy beaches. Over several years, the decrease in river-supplied sediment and the presence of new infrastructure along the coast, such as marinas, has caused a progressive narrowing of its sandy fringe. Littoral dynamics and longshore sediment transport have induced a sedimentary behaviour in which deposits tend to be accumulated upcoast of marinas, whereas downcoast of marinas beaches is eroded and/or in some cases completely disappear. This leads to major issues for coastal managers who have dedicated concerted efforts in re-establishing the coastline. In order to illustrate the problem, about 10 million m 3 of sand has been used in different beach nourishment operations in this area since 1987 . Recently, CEDEX (2014) compiled existing studies on coastline evolution in the study area to identify sectors requiring coastal actuations to counteract observed shoreline retreats.
From an administrative point of view, the Maresme coast comprises 16 municipalities, which represent the most densely populated areas of the region (IDESCAT 2014) . The proximity to Barcelona and the presence of important communication routes, such as the railway and a national highway, have significantly influenced the economy of this region. Nonetheless, two separate socio-economic developments have been established along the coast: the southern municipalities near Barcelona, characterised by a metropolitan sprawl and a large network of infrastructure catering to residential development, and the northern municipalities near the most important tourist destination in Catalonia (Costa Brava), favouring tourism-lead development (see Fig. 1 ).
Along the Maresme coast, a strong urban infrastructure development and the presence of tourist activities, coupled with coastal erosion, have caused beach malfunctions ). In the southern municipalities, a reduction in the natural protection of the beach has triggered direct wave impacts, causing damage to the railway. Here, several coastal revetments have been constructed in order to protect the infrastructure. In the northern municipalities, coastal erosion has caused problems for the local economy, which is directly dependent on tourism, such as a reduction in beach size and in the economic value of property.
Data
Different data have been used in this study to assess the erosion components and their consequences.
Wave data are used to characterise the episodic component of the erosion, which is done by means of an extreme distribution of storm-induced shoreline retreat. To obtain a reliable extreme distribution representative of the climatic characteristics of the study area, long time series of wave data are required. For this purpose, we have used one of the longest existing datasets, the hindcast SIMAR-44 database. This database was generated from the high-resolution modelling of the atmosphere, sea level, and waves developed by Puertos del Estado within the HIPOCAS project (Guedes-Soares et al. 2002; Ratsimandresy et al. 2008) . Data used covered the period from January 1, 1958 to December 31, 2001, as time series of meteorological tide level, significant wave height H m0 , peak period T p , and the mean wave direction every 3 h.
To define the medium-term erosion component, as well as the actual beach status (beach width), aerial photographs provided by the Institut Cartogràphic de Catalunya have been analysed. Shoreline data covering the period 1995-2010 have been used to characterise the medium-term component. This period can be considered as representative of the evolution of the system under current conditions since most of major perturbations (harbours, coastal engineering works, artificial nourishments) were completed before 1995. Digital terrain model (DTM) data supplied by the same institute (ICGC 2015) are used to characterise the beachface slope in the assessment of the long-term erosion component. In this case, the sea level rise (SLR) projections RCP8.5 from the IPCC AR5 (Church et al. 2013 ) are considered.
Finally, to evaluate the socio-economic consequences, data based on taxes generated from tourism were acquired from La Caixa Bank (2013) . Other statistical data were obtained from the Institute of Statistics of Catalonia (IDESCAT). In order to define the territorial exposure values, information about urban planning and infrastructure from the Departament del Territori i Sostenibilitat (Generalitat de Catalunya 2016) was also employed.
Methodology

General framework
The methodological framework adopted in this work is the well-known SPRC model. This model was first used in natural science for pollutants (Holdgate 1979 ) and has been subsequently used for different kinds of risk analysis. Particularly, it is widely used in flood risk assessment (Gouldby and Samuels 2005; Narayan et al. 2014 ) and has become a wellestablished framework in coastal risk management (Sayers et al. 2002; Evans et al. 2004; Narayan et al. 2014) . Here, it has been adapted to assess the impacts of beach erosion because its versatility permits a clear, synthesised representation of the chain of all the components and linkages involved, from forcing to consequences (Fig. 2) .
Sources include forcings determining or conditioning the erosion process in the coast. They cover all scales and range from those acting at very large spatial and long-term scales such as the effects of SLR, to those associated with the episodic scale such as storm events (Fig. 2) . These sources determine the pathway, which although known as ''erosion'' in generic terms; here, it is decomposed into three hazards components, each one associated with a specific timescale and characterised by a corresponding shoreline rate of displacement. In the case of the medium-and long-term components, they are calculated as a time-averaged erosion rate (m/year), whereas the episodic component is calculated as the shoreline retreat (m) during the storm associated to a given probability of occurrence. These components are subsequently integrated in order to assess how the beach (receptor) is affected in terms of providing relevant functions for the area, i.e. recreation and protection. In order to measure the changes in the beach state affecting a given function, we here introduce the concept of beach functional vulnerability (BFV). This is a measure of the lack of capacity of the beach to properly provide a given function and that can be affected by coastal hazards (here restricted to erosion). Finally, the practical consequences of these socio-economic changes are measured in terms of a series of indicators representing relevant aspects of the analysed functions. For recreation, two indexes have been proposed, one measuring the tourist (economic) component and one measuring the leisure (social) component. For protection, an index quantifying value at the hinterland to be protected is presented.
Consequences (through the proposed indexes) and hazards (represented by the BFV) are jointly considered to assess the effects of erosion for coastal management. To do this, we combine both components in a risk matrix, where their values are spatially integrated at the management (municipality) scale and are then compared to identify and rank the most sensitive areas along the coast.
Erosion hazard components
As mentioned, erosion is considered here as the ''integrated'' hazard of the action of three components which are the result of different processes acting at different timescales.
Episodic-term
The episodic component corresponds to the instantaneous beach erosion induced by the impact of a storm on the coast. Although the induced beach erosion takes place at a timescale of hours and days (the duration of the storm), it is considered as representative of the episodic scale due to the stochastic nature of the forcing, the storms. Due to this, the characterisation of this hazard component is undertaken in probabilistic terms, i.e. the magnitude of the hazard associated with a given probability of occurrence. To this end, we obtain the extreme probability distribution of the shoreline retreat for the study area following the approach of Bosom and Jiménez (2011) . The procedure is as follows; first, we identify the annual maximum storms in our 44-year long wave time series. Then, we calculate the expected induced beach erosion using the bulk erosion model of Mendoza and Jiménez (2006) . This model predicts the storm-induced beach erosion as a function of storm properties (wave height, period and storm duration) and beach characteristics (sediment grain size and beach slope) and is applied to selected representative profiles along the study area (as a function of their sediment and profile shape). Finally, obtained sets of erosion magnitudes are fitted by a generalised extreme value (GEV) probability distribution (one per each representative profile type). This permits to know the expected storm-induced erosion at any probability of occurrence. It should be noted that we use the annual maximum method due to the long duration of used wave time series; otherwise, the P.O.T. method to characterise storm events should be used.
Medium-term
The medium-term erosion component is associated with a timescale from years to few decades. At the study site, it is driven by alongshore gradients in longshore sediment transport rates of natural and anthropogenic origins, such as the presence of different marinas and coastal structures acting as barriers for the southwards directed net longshore sediment transport. This component has been empirically derived by analysing shoreline data to obtain representative shoreline rates of displacement. This has been done by applying a least-squares linear regression analysis of shoreline data over time. This method filters out short-term shoreline fluctuations and retains the main shoreline evolution trend (e.g. Dolan et al. 1991; Fenster et al. 1993) , which is the medium-term evolution (erosion when negative) component.
This component has been evaluated through an analysis of the shoreline evolution over a period of a few decades using aerial photography from 1995 to 2010. As previously mentioned, this period can be considered as representative of the system behaviour under current conditions since most of major perturbations (harbours, coastal engineering works and artificial nourishments) were completed before 1995. The analysis has been applied to control points along the coast with a spacing of 100 m. The timeframe of the analysis can be considered as representative of this timescale because, in areas where the littoral dynamics is strongly dominated by the longshore sediment transport, shoreline evolution rates calculated using this technique require relatively short periods to reflect the dominant trend. This is the case for the study area, where, as discussed, mid-term shoreline changes are driven by the southwards directed net longshore sediment transport rates (CIIRC 2010; CEDEX 2014) . Obtained shoreline evolution rates can be used to estimate future (decadal) beach configurations provided conditions do not change (i.e. in the absence of any new coastal engineering measure).
Long-term
The long-term component of the erosion hazard is that associated with a timescale of several decades. This component is driven by processes acting at the long-term scale such as SLR, as well as by the cumulative effect (residual) of shorter-term processes such as alongshore gradients in sediment transport rates. Since the latter are directly characterised at the corresponding timescale, in this study we consider the SLR-induced erosion as the intrinsic long-term component. To evaluate this component, we assume that the SLRinduced response on sedimentary coasts can be modelled using the Bruun model (Bruun 1962) . This model is based on the assumption of the existence of an equilibrium beach profile under current maritime climate. A change in the position of the mean sea level (MSL) will not affect the shape of the equilibrium profile which will only react to maintain its constant shape with respect to the new MSL. To do this, the model predicts a landwards and upwards movement of the beach profile, which results in a shoreline retreat. In spite of the fact that the Bruun rule is the most common way to assess SLR-induced shoreline retreat (e.g. Le Cozannet et al. 2014) , there is a disagreement about its validity at the local scale. Many researchers use it to estimate an order of magnitude of the expected shoreline retreat (e.g. Nicholls and Cazenave 2010; Le Cozannet et al. 2014; Jiménez et al. 2017) , whereas others claim that it should only be applied on a small number of coasts due to its simplicity and assumptions (e.g. Cooper and Pilkey 2004) . In the absence of a generally accepted morphological model, we assume that the Bruun rule can be used to estimate an order of magnitude of SLR-induced shoreline retreat at the regional scale. In consequence, we apply the model to compute the expected regional long-term erosion rate along the area of study, i.e. a unique value of the shoreline retreat for the entire study area.
Consequences
Many approaches exist for assessing the consequences induced by coastal hazards (e.g. Cooper and McLaughlin 1998; McLaughlin et al. 2002; Boruff et al. 2005 ; Del Rio and Gracia 2009). However, although there are well-established approaches (e.g. Messner et al. 2007; Green et al. 2011; FEMA 2013; Penning-Rowsell et al. 2013) , in many cases they depend on the type of hazard analysed and their implications for the applicable socioeconomic and natural systems. Erosion is a process that can clearly be reflected in a direct impact that results in beach retreat. However, beach functions can have indirect consequences that can go beyond the direct impact, resulting in important losses to the local economy. In this work, we address these consequences by selecting a set of socio-economic indicators related to the function of interest. In this sense, indicators have been developed and selected to characterise the importance of the analysed functions (protection and recreation) and they should also be representative at the basic management scale, that is, at the municipality level.
Focusing on the recreational function of the coast, two differentiated typologies can be distinguished: (a) beaches with a tourist focus, representing one of the most important sources of income for the local economy, and (b) a recreational use of beaches by the local population.
In order to obtain a representative value of the importance of coastal tourism, a direct economic value of the beaches should be considered (Ariza et al. 2012; Houston 2013) . However, this evaluation requires a thorough analysis of the many factors which should be considered in order to obtain reliable information. In the absence of this direct economic value, a representative indicator of tourism at municipality level is used here. The tourist index developed by La Caixa Bank (2013) , is a relative index based on tax revenues (Business Activities Tax), which takes into account the number of rooms, the annual occupancy rate, and the category of tourist establishments (budget hotel, campground, etc.). The index value is the percentage share of each municipality relative to the entire nation, i.e.:
Tourist index ¼ Municipality tax rate Total taxes rates in Spain Â 100; 000 ð1Þ
In order to carry out a regional assessment, the absolute tourist index value has been normalised for the study area obtaining a value for each municipality from 0 to 1.
It should be indicated that although this index represents a value for the entire municipality, in the study area as in most of coastal Mediterranean regions, tourism based on coastal activities is the major contributor.
In order to consider the role played by the local population in the recreational use of the coast, an indicator which expresses the user density of locals ''served'' by the beaches has been developed. Here, it is assumed that the potential beach use will be proportional to the total municipality population, and therefore, it can be said that the higher the population, the larger the beach use demand. The index is expressed as follows:
Leisure index ¼ Total municipality population Length of municipality coastline m ð Þ ð2Þ
As presented for the tourist index, the leisure index is normalised at regional scale obtaining a value for each municipality from 0 to 1.
Regarding the protection function of the beach, an index to quantify the main infrastructures at the coast has been developed. The rationale behind this is that this function will be especially relevant in those places with elements susceptible to be protected. To do this, and taking into account the characteristics of the study site, three components have been considered within a buffer area: built-up urban areas, roads, and the railway. In order to obtain a value at the municipality level, these three components have been normalised with respect to the total buffer area (built-up areas) and to the coastline length (roads and railway).
To define the buffer area, the hazard reach should be considered. In this case, with a focus on erosion and the characteristics of the study area, damages in the hinterland occur in a narrow fringe along the shoreline just behind the beach, and therefore, a buffer area of 100 m inland is considered.
To aggregate the three components measured in the index, it is considered that damages reported for each component (roads, railway, and built-up areas) can be similar in consequence, and so an additive aggregation method, assuming a linear relationship, is taken into account as expressed in Eq. 3;
Thus, a value from 0 to 1 will be obtained for each municipality. Although the information stated by this index does not specially represent the direct damages, this index characterises the coast in terms of the number of infrastructure exposed and potentially damaged if the natural protection function of the coast fails.
It should be pointed out that in the analysis of the consequences, time variation is not considered given the uncertainty associated with socio-economic scenarios. In contrast to the erosion hazard components, they are taken as steady during the time frame of the analysis. However, in order to replicate the methodology presented here in other regions, if further data is available, future projections in socio-economic indicators including infrastructure development can be easily implemented in the analysis.
Beach functional vulnerability (BFV) and spatial integration
As the main objective of this work is to assess the influence of erosion on beach functions, we have to characterise which is the necessary beach configuration to ensure these functions. Therefore, in order to classify the hazard in terms of its impacts, an optimum and a failure state have been established for each function (protection and recreation). The optimum state corresponds to a beach configuration which is fully able to support/provide the function of interest, whereas the failure state is given by a beach configuration which is unable to provide such a function.
For a recreational beach configuration, these limits will be fixed depending on how the space is used and the density of use for the analysed beach ). These limits are site specific and have to be locally defined. According to studies on user perception and characteristics of the study area (Yepes 1999; Valdemoro and Jiménez 2006; Roca et al. 2008b; Sardá et al. 2009 ), it can be assumed that the optimum beach width is 35 metres. Assuming a steady affluence of users, the failure state of the beach is selected when the beach width is one-third of the optimum width, which results in an excessive density of beach users and, in consequence, in a poor recreational capacity. If applying this concept at other locations, these should be readjusted taking into account local beach use characteristics which can vary significantly (e.g. see Rodella et al. 2017 for typical beach usage in Italian beaches).
Beach configuration for the protection function is determined by the beach width required to dissipate the energy of a storm for a given probability of occurrence (Bosom and Jiménez 2011; Jiménez et al. 2011) . This is equivalent to a beach wider than the storminduced erosion associated with such probability. In order to select the probability of interest, coastal managers have to define a safety level of analysis which depends on the characteristics and values of the hinterland. In this case, a beach wider than the erosion induced by a storm with a 50 years return period is considered the most appropriate for the study area (see e.g. Bosom and Jiménez 2011) . Therefore, in order to define the optimum beach width, we considered the 50-yr return period storm-induced shoreline retreat plus an additional safety buffer. This buffer represents the minimum beach width required to safely maintain beach operations after the storm, in order to carry out reconstruction activities and to avoid the full exposure of the hinterland to direct wave action , and is considered to be six metres. The failure state is fixed by the beach width determined by the storm reach associated with the impact of a frequent storm, which here is defined as the 10 years return period. In any case, these limits can be modified taking into account the importance of the values at exposure along the coast of interest, as well as the safety level fixed by local stakeholders.
Hence, in order to assess the influence of coastal erosion on a given function, the actual and the future status of the beach induced by the medium and the long-term erosion components is evaluated with respect to the optimum beach status required for the function of interest. To this end, the future status of the beach has been calculated according to two possible scenarios by 2035, considering this future projection suitable to provide useful information to decision makers while maintaining the analysis within reasonable uncertainty bounds. Therefore, one scenario has been defined by the 25 years projection of the beach width using evolution rates given by the medium-term component. The second scenario corresponds to the same beach width projection plus the shoreline retreat induced by the long-term component (SLR).
To measure the ability of the beach to provide a given function, we define an indicator, the beach functional vulnerability, BFV, which is computed taking into account the beach status at a given time (b) as a function of the optimum and failure states (see Table 1 ). It varies between 0 (representing a beach status able to properly provide the selected function) and 1 (a beach without any capacity to provide the target function). This indicator is calculated every 100 m along the study area to characterise local beaches.
With this approach, the erosion hazard is characterised not only by the physical consequences, i.e. induced shoreline retreat, but also by the practical (end-user oriented) consequences, i.e. capacity to provide a given function.
In order to provide a management-oriented value at regional scale, BFV values locally obtained (every 100 m along the coast) are spatially aggregated at the municipality scale, which represents the smallest administrative level in Spain. Because the main objective of the management is to reduce/mitigate erosion consequences, a weighted averaging to characterise the aggregate impact at municipality scale has been adopted ( Table 2 ). The underlying hypothesis is that eroding beaches, which will result in an exposition of existing infrastructure and/or decreasing carrying capacity of the beach, will not be compensated by wider beaches in areas already well protected or wide enough to support recreation. This replicates the observed preference of users to concentrate in a narrow fringe close to the shoreline, even in very wide beaches. A decreasing linearly weighting scale (Table 2) has been selected to give more importance to those stretches with larger BFV values (narrowing beaches) than stretches with lower BFV values corresponding to stable or wide beaches. This method highlights stretches at risk in order to obtain a final value at the municipality level.
Thus, the integrated beach functional vulnerability (BFV 0 ) at the scale of interest is given by
where BFV represents the beach functional vulnerability of a given stretch, a i the corresponding weights and l i the length of the coastal stretch.
Results
Erosion hazard components
The following is a presentation of the obtained results for erosion hazards at each timescale.
Episodic-term
As was mentioned before, this hazard component is represented by the storm-induced shoreline erosion. This is represented here by an extreme probability distribution of the shoreline erosion which has been computed for the different beaches along the study area. As can be seen, although we can assume that incident wave climate is uniform along the coast, there will be differences in erosion due to variations in beach morphology. According to the obtained probability distribution, the average storm-induced shoreline retreat along the Maresme coast associated with a return period of 50 years is approximately 20 m. Figure 4 shows the obtained medium-term shoreline displacement rate every 100 m along the Maresme coast. As can be seen, there is a clear spatial pattern showing the importance of longshore sediment transport gradients in driving the observed changes. In general, the coast presents a generalised retreat with the exception of areas just upcoast of existing barriers (harbours) where accretion is observed. Moreover, the stretches just downcoast of these barriers are the areas with the largest recession rates. Overall, for the 1995-2010 period, the average evolution rate is -0.97 m/year with a maximum retreat of 7.97 m/year, which was obtained at the municipality of Malgrat de Mar. Fig. 3 Representative extreme probability distribution of storm-induced shoreline erosion in the Maresme coast (dashed lines show range of computed shoreline retreat probability distribution for different beaches along the coast, and the solid thick line is the representative-spatially averaged-one) Nat Hazards (2018) 90:173-195 185 
Medium-term
Long-term
The long-term component is given by the computed SLR-induced shoreline retreat for the RCP8.5 scenario up to the year 2100. This component is calculated for the entire region since the morphology of the active shoreface, applying the Brunn equilibrium model, is homogeneous (similar grain size and shoreface slope). Obtained values indicate a background erosion of about 0.57 m/year, with an increase in erosion rates by the year 2050 due 
Erosion risk matrix
Finally, the computed erosion components (hazard) have been integrated to obtain the erosion risk matrix. As discussed, this is done for each analysed function in terms of the beach functional vulnerability, BFV 0 . The analysis for the recreational function only considers the medium and long-term components. This consideration is made because in the region, storms take place in autumn and winter, while the beach is only used for recreation in summer (Valdemoro and Jiménez 2006) . Thus, beaches are generally able to recover from seasonal storm action during normal climatic years. Figure 6 presents the obtained results for recreational use of the beaches in the area by considering a tourist (economic) and a local (leisure) use. In both cases, although the hazard is the same (same BFV 0 considering the recreational function), the resultant risk is different as the consequences are measured taking into account different recreational interests. For a tourist use, it can be observed that at present, municipalities with a high tourist use (i.e. 13, 14, 15, 16) are subjected to low hazard values, whereas the rest of the municipalities present hazards of different magnitudes (from low to medium). In spite of these relative good current conditions, the projection by 2035 indicates an increased risk due to background erosion rates, which are mainly controlled by medium-term erosion (associated with gradients in the longshore sediment transport) rather than SLR-induced rates. By considering a local use of the beach, a different municipality risk distribution is observed: municipalities such as Matarò (6), which has the highest population within the region, and Sant Andreu de Llavaneres (7), which has the shortest coastline, present the largest risk. Figure 7 presents the risk matrix considering the protection function of the beach. In this case, this function will be determined by the impact of storms that usually occur in winter when there is no a recreational use (Valdemoro and Jiménez 2006) . Thus, here, all the erosion components are considered in the analysis. Due to this, although background erosion rates for all municipalities, controlled by the medium-term erosion, are the same as before, their associated BFV 0 are different since the optimum and the failure beach function states will be fixed considering the episodic-term erosion component.
In Fig. 7 , obtained results indicate that at the present time, high risk values dominate mostly in southern municipalities (i.e. 2, 3, 4, 6, 7) , where a large density of infrastructure and narrow beaches exist in contrast to northern municipalities where there are wider beaches and a lower density of infrastructure (i.e. 13, 14, 15, 16) . Here, it can be also observed that, as presented previously, by 2035 background erosion rates will substantially increase the level of associated risk in comparison with the SLR-induced rate.
Discussion
Sandy beaches provide humans with important ecosystem services, with protection and recreation usually being the most valued of these (e.g. Barbier et al. 2011 ) and, in consequence, become main targets in beach management plans, especially in developed coastlines (e.g. Williams and Micallef 2009 ). In the Catalan coast, Ariza et al. (2008) identified the dominance of recreationally oriented beach management where the beach is mainly considered as a product to be offered to users. They also found that about 50% of the municipalities had suffered erosion-related problems affecting existing beach infrastructures. Within this context, any significant variation in the beach surface may significantly affect beach use and exploitation (Valdemoro and Jiménez 2006; Jiménez et al. 2011) and it is a common feature in most of the Mediterranean coastline (e.g. Semeoshenkova and Newton 2015; Alexandrakis et al. 2015; Foteinis and Synolakis 2015; Rodella et al. 2017) .
The methodology proposed here addresses this issue by identifying sensitive coastal stretches where beach erosion may influence present and future use. In order to help managers to have a regional perspective, although the analysis is undertaken at a relatively small scale (medium-term shoreline evolution rates are analysed at control points with a 100 m spacing), they are integrated at the municipality scale which is the minimum administrative level in Spain. This will permit to compare between units to make informed decisions on resources allocation for erosion management. Also, it will permit municipalities to assess their present and future state regarding recreation and protection issues along their coast. This is a very important issue in Spain, because although municipalities have competences in recreation management, they do not possess any such competences when it comes to beach protection (see e.g. Ariza 2011). Thus, the proper and timely prediction of the appearance of future problems will permit municipalities to approach competent administrations to obtain appropriate beach erosion management. Nat Hazards (2018) 90:173-195 189 It should be noted that the scale of aggregation has been selected according to the administration structure in Spain, but since the information is provided every 100 m, the integration can be carried out at any spatial scale. Moreover, as the objective here is focused on the identification of ''negative'' situations (stretches at greater risk), the method of aggregation in which the hazards were integrated at this scale placed higher importance on eroded areas than on accretive ones, in order to avoid simple averaging which could mask the existence of sensitive areas.
Any hazard (erosion in this case) can be split into different components in relation to different processes and associated timescales. This disaggregation has to be done previously in accordance with the target of analysis. Therefore, it will depend on the objective whether one component must be included or not. Here, we have undertaken the analysis for recreation and protection. Since recreation is a seasonal activity that takes place in summer, and, for mid-latitudes, storms are unlikely to happen during this season, erosion components affecting recreation use are limited to medium and long-term components. In any case, if the objective of the analysis is to assess the potential impact of out-of-season storms, the episodic component could also be added. On the other hand, for the protection function, all the erosion components are included.
Practical implications of erosion on beach management have been parameterised using what we call here the beach functional vulnerability (BFV) which characterises the beach status in terms of an optimum and a failure configuration. Values characterising these configurations have to (or can) be defined in terms of local conditions which allows a flexible approach to regional beach management.
With respect to time integration, the analysis has been done for current conditions plus a minimum time for projection. The proper transfer of useful information to decision makers must permit action to be taken in order to prevent/mitigate expected damages. This requires time, and territorial planning requires in the order of a few decades. We recommend, therefore, making projections at 10-20 years in order to properly include erosion risk within management plans.
To characterise the socio-economic consequences of the hazards (erosion), selected indicators of the analysed functions have been selected here instead of classical approaches in which a distinction is made between direct versus indirect and tangible versus intangible damages (Messner et al. 2007) . Indicators which are used must properly reflect the importance of the function of interest, and they must be quantifiable, comparable, and robust. However, it should be noted that this approach is primarily useful for identifying critical locations while comparing sites.
We have selected two indicators for recreation: a tourist index and a leisure index. The first one evaluates coastal tourism as one of the most important economic activities, whereas the second evaluates the social service provided by beaches (leisure). These indicators allow the analysis of the effects on resources, not only for foreign tourists, but also for the local population. For protection evaluations, the selected indicator represents the main infrastructures that would be affected in the case where the protection function of the coast fails. In this sense, deciding which assets are considered will depend on the objective of what needs to be protected (see e.g. Liquete et al. 2013) . The assets were selected within a buffer area of 100 m, taking into account the maximum and the more likely reach of coastal hazards induced by the beach narrowing process, so depending on the site, the buffer should be adjusted.
It can be said that the selected indicators are robust for the site (frequently used and well-calculated) being normalised for the study area (scale from 0 to 1). However, they can be adapted or/and substituted by any other indicator reflecting similar values, as long as they are acceptable to decision makers. Finally, it has to be stressed that beyond damages, this analysis considers consequences as exposure values (a measure of it). In other words, it is the maximum potential damage, since vulnerability associated with physical fragility is not considered in the analysis.
Making use of the risk matrix, the combination of both factors (hazard x consequences) determines lines of equal risk level which are ranked in five qualitative categories. Even though the risk matrix technique can generate false assumptions (Pickering 2010) , the qualitative level of risk ranked between the two factors is fixed according to a safety level in order to prevent erosion impacts and to prioritise actions in carrying out proper risk management.
The importance of considering beach functions and socio-economic values is reflected in the Maresme coast. This region represents a clear example of differences in erosion impacts, as the aims of the analysis change. For a recreation function that is under the same erosion hazard, erosion risk varies for the different municipalities, because tourism or the local uses are reflected in the assessment of the consequences. The northern municipalities in the region are more prone to suffer erosion affecting tourism, when the overall future projections of current trends are considered. When a local use of the beaches is considered, the municipality distribution clearly varies, with the greatest risk of being able to provide a local service affecting municipalities situated in the centre and in the south of the region. Focusing on a protective function, the risk of not being protected by the beach and of suffering impacts to the infrastructure located behind it is greater for municipalities situated in the south, as they are characterised by the presence of narrow beaches and an elevated number of infrastructures near the coastline.
According to the results presented for the different erosion components, in the Maresme coast, the medium-term component (due to longshore sediment transport) constitutes the greatest risk by 2035, when compared to the influence of the long-term component (due to SLR) by 2035, which depends on the coastal morphology. However, in the municipalities where the medium-term component is stable and/or at equilibrium, the long-term component is more relevant. Although these results stress that efforts have to be made in the medium-term, the effect of SLR cannot be ignored when long-term strategies are developed in order to negate the effects of climate change.
It should be pointed out that obtained results have permitted the identification of the most sensitive areas expected to be affected by erosion at a regional scale. This study will thus allow a more detailed analysis to be undertaken at the local scale.
Conclusions
A methodology to assess coastal erosion impacts at different timescales and at a regional scale has been developed. It has been framed within the SPRC model, where consequences are determined in accordance with coastal characteristics and management interests.
The erosion hazard is split into different components acting at different timescales and is evaluated independently. This enables the consideration of the most important components for each coastal function and to assess the expected time evolution of the risk.
In order to assess consequences, we calculate for each erosion hazard component a beach functional vulnerability (BFV) defined as the lack of capacity of the beach to cope with erosion hazards to properly provide a given function. Since the main objective of the analysis is to provide useful information for management decisions at a regional scale, results are integrated at the minimum administrative/management unit which, in the case of Spain, is the municipality. The results are combined within the risk matrix which is independently obtained for each management target. This permits a comparison, in a consistent manner, of the considered risk among the different management units (municipalities) of the analysed region.
The Maresme coast represents a good example of how multiple coastal functions and local characteristics can influence the final erosion risk. From a recreational standpoint, the analysis demonstrates the need to include specific indicators for tourism and leisure. These indicators permit the proper reflection of regional differences in tourism development, while the use of beaches is equally important along the region. On the other hand, obtained results demonstrate that beaches will barely provide the required level of protection for infrastructure in the southern municipalities since most of the stretches are eroded despite supporting various forms of infrastructure. These results reflect a clear distinction between two sub-regions along the Maresme coast in terms of erosion consequences, and these should be managed differently.
By considering multiple erosion components, beach functions, and socio-economic values, it is possible to manage erosion to accomplish more specific goals, in a more efficient and sustainable manner. Taking medium-and long-term (with SLR) erosion projections into account is a prerequisite for effective risk planning. This will help to shape long-term strategies in tackling the effects of climate change and will assist coastal managers in adopting tailored measures for addressing erosion risk, as well as to provide the necessary information for supporting Integrated Coastal Zone Management (ICZM).
